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Abstract 
Objective. Feedback-related negativity (FRN) is associated with reinforcement learning and 
punishment sensitivity. Furthermore, reinforcement learning proficiency can be predicted 
from pre-task baseline EEG theta/beta ratio. In this study it was examined whether there was a 
relation between baseline theta/beta ratio in rest and FRN amplitude during a gambling task, 
and if such a correlation would be related to theta activity or to beta activity. 
Methods. Baseline EEG and a self-report measure of punishment sensitivity (BIS) were 
obtained from 52 healthy volunteers. FRN was recorded during a gambling task. 
Results. FRN amplitude was negatively correlated with theta/beta ratio in high BIS 
individuals. Furthermore, source localization indicated that baseline theta activity generated in 
the anterior cingulate cortex (ACC) accounted for this correlation. For low BIS individuals no 
correlation was found. 
Conclusion. An association between high baseline theta/beta ratio with low amplitude FRN 
and high risk-taking can be found in individuals who are sufficiently sensitive to punishments. 
This relationship is carried mostly by baseline theta activity, but not by beta activity. 
Significance: This link between baseline brain activity, self-report measures and feedback 
processing may contribute to further understanding the biological basis of conditions that are 
accompanied by abnormal theta/beta ratio and reward processing, such as attention deficit 
hyper activity disorder (ADHD).  
 
Key words: Feedback-Related Negativity, Baseline EEG, theta/beta ratio, Behavioral 
Inhibition System, risk taking, source localization 
 3 
Highlights: 
 Baseline EEG theta/beta ratio is associated with decreased feedback-related negativity 
and increased risk-taking during a gambling task. 
 This association is only present in individuals with sufficiently high punishment 
sensitivity (BIS). 
 Theta activity that is associated with decreased feedback-related negativity and 
increased risk-taking during a gambling task originates from the anterior cingulate 
cortex. 
 4 
1. Introduction 
Background brain activity as measured in baseline EEG shows individual differences in 
spectral power profiles. These differences are found to be highly stable over time and are 
therefore thought to reflect basic physiological properties of brain function (Corsi-Cabrera et 
al., 2007, Williams et al., 2005). As such, baseline EEG profiles have been related to 
personality traits and affective styles (e.g. Coan and Allen, 2004, Hewig et al., 2006, Jausovec 
and Jausovec, 2007). Interestingly, the relative contribution of slow wave theta activity (4-7 
Hz) compared to fast wave beta activity (13-30 Hz), quantified as theta/beta ratio, has been 
related to impulsive behavior such as faster responding (van Dongen-Boomsma et al., 2010), 
and lower response inhibition (Putman et al., 2010). Furthermore, high theta/beta ratio has 
been associated with increased risk taking in the Iowa Gambling Task (Schutter and Van 
Honk, 2005). These findings point towards a relation between baseline theta/beta ratio and 
behavioral inhibition, such that people with high theta/beta ratios are more impulsive and tend 
to take higher risks. This idea is all the more interesting since increased theta/beta ratio and 
theta power are common features of attention-deficit/hyperactivity disorder (ADHD; Clarke et 
al., 2002b, di Michele et al., 2005, Snyder and Hall, 2006), a condition that is characterized by 
impulsivity and risk taking (Ernst et al., 2003, Masunami et al., 2009, Sonuga-Barke et al., 
2008). 
It has been suggested that high theta/beta ratio mainly reflects increased power in the 
theta band (di Michele, Prichep et al. 2005; Snyder and Hall, 2006). Rodent studies show that 
theta EEG is generated for a large part in the septo-hippocampal system (Vertes and Kocsis, 
1997). Efferent connections from the hippocampus transfer rhythmic theta activity to limbic 
cortical areas, including the cingulate cortex (Gray, 1982, Gray and McNaughton, 2000). 
Extended cortical areas have been associated with theta-frequency EEG activity during resting 
state in human EEG studies. A combined EEG and fMRI study found that resting state EEG 
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theta power correlated with BOLD activity in a network including frontal, parietal and medial 
cortical areas, with a maximum in the medial prefrontal cortex (Scheeringa et al., 2008). 
Using a distributed dipole source reconstruction method (LORETA) Clemens et al. (2010) 
showed that resting state theta EEG was mainly localized in medial parts of the cortex 
including the anterior cingulate cortex (ACC), medial frontal gyrus, posterior cingulate and 
precuneus.  
Specifically, the medial frontal sources of theta activity may be of interest, since the 
medial frontal cortex including the ACC has been implicated in reinforcement learning and 
risk taking. During gambling tasks, negative voltage deflections have been observed after 
receiving performance feedback or reward/punishment information (Gehring and Willoughby, 
2002, Miltner et al., 1997). Similar to baseline theta activity, this feedback related negativity 
(FRN) has a frontal midline scalp distribution and is thought to originate in the ACC (Gehring 
and Willoughby, 2002). The FRN is thought to be instrumental in learning from feedback 
information (Cohen et al., 2007, Frank et al., 2005, Hajcak et al., 2007, Holroyd and Coles, 
2002, Nieuwenhuis et al., 2004). Individual differences in FRN amplitude have been related 
to risk taking and reinforcement learning proficiency (Frank et al., 2005, Franket al., 2007, 
Santesso et al., 2008), and to personality traits such as punishment sensitivity (Balconi and 
Crivelli, 2010, De Pascalis et al., 2010). The reinforcement learning theory of the FRN 
proposes that dopaminergic (DA) projections from the midbrain ventral tegmental area (VTA) 
transfer reward or error information to the ACC, causing pyramidal cells in the ACC to fire 
whenever the outcome of an action is worse than expected (Holroyd and Coles, 2002). 
Interestingly, it has been argued that baseline theta activity can also be modulated by 
dopaminergic inputs from the midbrain DA system into the septo-hippocampal system, at 
least in ADHD patients (di Michele, Prichep, 2005). Increased theta power in ADHD patients 
can be normalized by dopaminergic medication (along with a reduction of clinical symptoms) 
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(Clarke et al., 2002a, Clarke, Barry, 2002b). Given these similarities, it is possible that both 
EEG theta and the FRN during gambling represent activity in the reward circuit. As such, 
increased risk taking behavior for people with high baseline theta/beta ratio, as found by 
Schutter and van Honk (2005), may be mediated by sub-optimal error-feedback signaling.  
The functional significance of baseline beta activity is less well known. It has been 
hypothesized to reflect cognitive mechanisms originating from widespread cortical areas 
(Schutter and van Honk, 2005). Investigations into whether baseline theta and baseline beta 
activity have separate contributions have, as yet, not been undertaken. In order to examine this 
in the present study, baseline theta and beta activity and theta/beta ratio were calculated from 
baseline EEG, and correlated with feedback-related EEG activity and risk-taking behavior 
during a gambling task. We first examined whether baseline theta/beta ratio was correlated to 
FRN amplitude and to risk-taking behavior. A negative correlation between theta/beta ratio 
and FRN amplitude, and a positive correlation between theta/beta ratio and risk-taking was 
expected. Secondly, in order to examine separate contributions of theta and beta activity to the 
expected correlations, the correlational analyses were repeated for baseline theta and beta 
power separately. 
An additional point is that self-report measures of punishment sensitivity (Behavioral 
Inhibition System [BIS]; Carver and White, 1994) have been found to be related to FRN 
amplitude. Higher punishment sensitivity scores were associated with larger amplitude FRN 
(Amodio et al., 2008; De Pascalis, Varriale, 2010), and its response related counterpart, the 
error related negativity (ERN; Boksem et al., 2008, Boksem et al., 2006). The BIS was 
originally proposed by Gray as a neurophysiological system underlying aversive motivation, 
consisting of the septo-hippocampal system and its cortical projections (Gray, 1982; Gray and 
McNaughton, 2000). Activation in the BIS system in response to signals of punishment is 
thought to cause inhibition of ongoing, goal-directed actions. Individual differences in BIS 
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reactivity are commonly measured by self-report scales and are related to anxiety and 
negative affectivity (Carver and White, 1994). Given the neurophysiological overlap and the 
demonstrated relationships between BIS, theta activity and FRN, it is possible that the 
relationship between theta activity and FRN is modulated by punishment sensitivity. Self-
report scores of BIS were collected, to examine the possibility of such a modulatory effect. 
 
2. Methods 
2.1. Participants 
Fifty two subjects were recruited (mean age = 21.9, s.d. = 3.14, 24 males, 28 females) through 
flyers distributed at the university campus. Subjects were screened by means of a short 
interview to ensure they met inclusion criteria. All participants, except for one, were 
university students. All participants were healthy volunteers, and reported no psychiatric or 
neurologic disorders, nor brain trauma. Furthermore participants declared not to use drugs or 
psychoactive medication, and to have normal or corrected-to-normal vision. Informed consent 
was obtained and participants received payment for taking part in the study. The protocol was 
approved by the medical ethical committee of the University Medical Center in Utrecht, in 
accordance with the standards set by the Declaration of Helsinki. 
2.2 BIS / BAS questionnaire 
Behavioral Inhibition and Behavioral activation scores were obtained using the BIS/BAS 
questionnaire (Carver and White, 1994, Dutch translation by Franken et al., 2005). The 
BIS/BAS questionnaire is a 20-item questionnaire consisting of two scales, behavioral 
inhibition (BIS) and behavioral activation (BAS). Data from the BIS scale will be presented 
here. The BIS scale consists of seven items thought to assess punishment sensitivity or the 
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drive to avoid aversive events. The BIS scale has an inter-trial reliability of α = .74 (Carver 
and White, 1994). Typical items of the BIS scale are: “I feel pretty worried or upset when I 
think or know somebody is angry at me”, or “I worry about making mistakes”. Items are 
answered on a four-point Likert scale, indicating to what extent the subject considers the 
statement in the given item to be true for him or herself. In this study, the BIS scale was used 
because it was previously found to be correlated to feedback-related and error-related 
electrophysiological activity (Balconi et al. 2010, Boksem et al., 2006, De Pascalis et al., 
2010). A median-split procedure was used to classify participants as high BIS or low BIS.  
2.2. Gambling Task 
The gambling task as described by Gehring and Willoughby was applied (Gehring and 
Willoughby, 2002). Two squares, one containing the number 5 and the other the number 25, 
were presented to the left and the right, respectively, from a fixation cross. Participants had to 
choose one of the squares, in order to gamble for the corresponding amount (in Euro cents). 
After a 1-second delay the squares turned red or green, indicating loss or gain of the chosen 
amount. Feedback stayed on screen for 1 second. Participants were informed that the total 
amount that was gained in this task would be added to their compensation as a bonus. 
Outcome was determined in a random fashion to assure similar numbers of loss and win trials. 
The total number of trials was 160.  
 
2.3. EEG recording 
EEG signals were recorded with 64 Biosemi active electrodes (Biosemi, Amsterdam, the 
Netherlands), which were positioned according to the standard 10/10 EEG system. The 
outmost lateral positions were Fp1/Fp2, AF7/AF8, F7/F8, FT7/FT8, T7/T8, TP7/TP8, P9/P10, 
PO7/PO8, and O1/O2. Midline extended from Fpz to Iz. EOG electrodes were placed above 
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and below the left eye and on the outer canthi of each eye. Reference electrodes were placed 
on both mastoids, for offline re-referencing. The Biosemi active electrode system uses an 
active online referencing, through a Common Mode Sense and a Driven Right Leg electrode 
(MettingVanRijn et al., 1996). All data were recorded with a 512 Hz low-pass filter at a 
sampling rate of 2048 Hz, and data were stored for offline analysis. 
2.4. Procedure 
Upon entering the lab subjects signed informed consent, and received verbal instructions, 
after which the EEG electrodes were mounted. The recording session started with 4 minutes 
of baseline EEG (2 minutes eyes open and 2 minutes eyes closed), after which the gambling 
task was performed. At the end of the experimental session personality questionnaires were 
filled out. EEG preparation and recording, and the gambling task, together performance lasted 
approximately one hour.  
 
2.5. Data reduction and analysis 
Behavioral performance. Choice preference in the gambling task was quantified per subject as 
the overall proportion of high (25 cents) choices. Risk taking after a loss was quantified as the 
proportion of high choices after a preceding high loss (-25 cents) trial, and risk taking after 
winning as the proportion of high choices after a high win (+25 cents). 
Baseline EEG. EEG data were analyzed using Brian Vision Analyzer software (Brain 
Products Gmbh, Germany). Baseline analysis was based on a previous study from our lab 
(Schutter and van Honk, 2005). Spectral power calculations were obtained from the 4 minutes 
baseline EEG (eyes open/eyes closed). Recorded data were offline re-referenced to the 
averaged signal of both mastoids, filtered with a 1 Hz high-pass filter and a slope of 24 dB/oct, 
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and a 30 Hz low-pass filter with a slope of 24 dB/oct, and segmented in 4 second epochs. 
Ocular artefact was controlled using the Gratton and Coles algorithm (Gratton et al., 1983). 
Activity that exceeded 60 µV between two subsequent sample points, or exceeded an absolute 
voltage of 80 µV, was considered an artefact, as was low activity of a 0.3 µV difference or 
less in a 50 ms time window. Segments containing artefacts were omitted from further 
analysis. A Fast Fourier Transform was performed using a 10% Hamming window. All 
segments were averaged to obtain spectral power. Absolute theta (4-7 Hz) power, beta (13-30 
Hz) power, and the theta/beta ratio were estimated as average values in a frontocentral 
electrode cluster (FCz and four surrounding electrodes Fz, Cz, FC1, and FC2). To correct for 
non-normality EEG power values and ratio were log transformed (Putman et al., 2010). 
Separate analysis of eyes-open and eyes closed resting state theta and beta power in our 
sample demonstrated that eyes-open and eyes-closed power scores were highly correlated 
(thetafrontal-central: r = .895, p <001; betafrontal-central: r = .913). Therefore we used an average 
score of eyes-open and eyes-closed power for further statistical analysis. 
ERPs. ERP analysis was conducted following earlier studies from our lab (Massar et al., 
2010). EEG data recorded during the gambling task were re-referenced offline to the averaged 
signal of both mastoids, and subsequently filtered with a 0.3 Hz high-pass filter and a slope of 
24 dB/oct, a 30 Hz low-pass filter with a slope of 24 dB/oct and a 50 Hz notch filter. Data 
were segmented into 1600 ms windows with a 100 ms baseline with respect to the feedback 
stimulus onset. Ocular artefact was controlled using the Gratton and Coles algorithm (Gratton 
et al., 1983), and segments containing artefacts were removed (difference criterion between 
two subsequent data points of 60μV; differences criterion within segment of 100 μV; absolute 
amplitude criterion of 80μV). Average ERPs for loss and win trials separately, as well as a 
loss-win difference potential, were derived for each subject. Calculation of the FRN was 
based on methods described by Gerhing and Willoughby (2002). FRN amplitude was 
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quantified at midline electrodes (Fz, FCz, Cz and Pz) as the average amplitude of the 
difference wave in the 200-300 ms post-feedback-stimulus window. The use of a difference 
wave in FRN quantification is a common method. It must be noted that a disadvantage of 
using a difference wave is that resulting differences can be due to win-related activity or to 
loss-related activity. An advantage, on the other hand, is that it can accurately quantify the 
loss-win difference when no clear deflections are present in FRN latency window, as is often 
the case for win-locked ERPs.    
Source localization. To evaluate whether neural sources of baseline theta or beta activity were 
correlated with FRN amplitude standardized low resolution brain electromagnetic tomography 
(sLORETA; Pascual-Marqui, 2002) was used. sLORETA computes standardized current 
density in a cortical grey matter solution space, based on the Montreal Neurological Institute 
(MNI) brain template. sLORETA does not presuppose any specific number of sources, but 
computes the smoothest possible solution, assuming that scalp recorded EEG is resulting from 
simultaneous activation of neighboring neurons. Current density was calculated at the peak 
latency of the FRN difference wave (255 ms, DC=0). 
  
Statistical analysis. The relation between baseline theta/beta ratio and FRN amplitude was 
examined using analysis of covariance (ANCOVA) with Electrode (Fz, FCz, Cz, Pz) as 
within-subjects factor, BIS (low, high) as between-subjects factor, and theta/beta ratio and a 
BIS x theta/beta ratio interaction term as covariates. In case of significant interactions follow-
up analyses were performed. All analyses were initially carried out with theta/beta ratio as 
predictor. To unravel the separate contributions of theta and beta power, analyses were 
repeated using either theta power or beta power as predictor. To examine the relation between 
baseline EEG and BIS to task performance, similar ANCOVA’s were performed with 
performance scores as dependent variables, and BIS and Baseline EEG as predictors. 
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 Statistical non-parametric mapping (SnPM; included in the sLORETA analysis 
package) was applied for all voxels to estimate the location of baseline theta and beta activity 
that correlated with FRN amplitude. The statistical nonparametric mapping (SnPM) method 
operates under the null-hypothesis that the correlation coefficient in each voxel (i.e. 
correlation of baseline EEG current density per voxel with FRN amplitude) is not different 
from zero. A probability distribution is constructed by running a large number of random 
permutations of the data (Nichols & Holmes, 2002). In this case a critical value can be 
determined for which the chance of occurring under the null-hypothesis is lower than a set 
alpha level. When the observed correlation coefficient in a voxel exceeds this critical value, 
the correlation for this voxel can be considered significant. Here, the number of random 
permutations was set to 2000 and alpha level was set at .05 (corrected for multiple 
comparisons). Correlations between FRN amplitude and baseline EEG current density were 
assessed. Results therefore indicate which sources of baseline EEG are significantly 
correlated with FRN amplitude. SnPM analyses were conducted for theta and beta activity 
separately. 
 
3. Results 
--------------------------------- 
Insert Figure 1 about here 
--------------------------------- 
 
3.1. Scalp recorded EEG 
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Figure 1 shows the Feedback-related ERP waveforms (A), the scalp distribution of the FRN 
(B), and scalp distributions for theta, beta, and theta/beta (C). The FRN as well as theta/beta 
ratio and theta power featured a medial frontal distribution. In contrast, beta power was 
marked by discrete central and occipital maxima.  
The ANCOVA for FRN revealed a significant BIS x theta/beta interaction effect 
(F(1,48) = 7.46, p < .01). Furthermore, there were significant main effects of electrode 
(F(3,46) = 7.45, p < .01), BIS (F(1,48) = 5.9, p < .05), and a marginally significant electrode 
x BIS interaction effect (F(1,48) = 3.3, p = .057). To further analyze the BIS x theta/beta 
interaction effect, Electrode x Theta/beta ANCOVA’s were conducted for high and low BIS 
groups separately. In the low BIS group no main effect of theta/beta or interactions between 
electrode and theta/beta were found (F’s < 1). In contrast, in the high BIS group theta/beta 
ratio was found to significantly predict FRN amplitude (F(1,26) = 6.6, p < .05). Correlations 
show that in the high BIS group high theta/beta ratio’s were associated with low FRN 
amplitudes (r = .48, p < .05 at FCz; see Figure 2). The absence of an electrode x theta/beta 
interaction indicated that this correlation was not different across the four electrode locations.  
 Further examination of the electrode x BIS interaction showed that the high BIS group 
had a higher FRN amplitude than the low BIS group at Fz (t(1,50) = 2.12, p < .05), FCz 
(t(1,50) = 2.11, p < .05), and Cz (t(1,50) = 2.4, p < .05), but not at Pz (p > .2). 
--------------------------------- 
Insert Figure 2 about here 
--------------------------------- 
To investigate the possibility that the relation between baseline EEG theta/beta ratio 
and FRN amplitude in the high BIS group was due to either theta power alone or beta power 
 14 
alone, the above described ANCOVA was repeated for theta and beta power separately. 
Entering theta power as a covariate yielded results that were highly similar to the analysis 
with theta/beta ratio. A marginally significant BIS x theta interaction (F(1,48) = 3.4, p = .07) 
was found. In addition, again significant main effects of electrode (F(3,48) = 5.64, p < .05),  
BIS (F(1,48) = 3.46, p < .01), and a marginally significant electrode x BIS interaction (F(3,48) 
= 3.33, p = .056) were observed. Follow-up analysis for high and low BIS separately showed 
a significant effect of theta power in the high BIS group (F(1,25) = 9.14, p < .01; r = .49, p 
< .01; see Figure 2), but not in the low BIS group (F < 1; r = .07, n.s.). A similar analysis with 
beta power as covariate did not show any significant main or interaction effects including beta 
power (p’s >.1).1 
3.2. Source localization 
Source localization of the FRN sLORETA source localization was performed at the same 
FRN latency. This analysis showed highest current density in a medial frontal cluster, peaking 
in the cingulate gyrus (see Figure 3; peak MNI coordinates: x = 5, y = 0, z = 50; BA 24). 
----------------------------------- 
Insert Figure 3 about here 
-----------------------------------  
                                                          
1
 Analysis of theta and beta power was conducted at the fronto-central location corresponding to the peak 
distribution of theta/beta ratio. This was done to evaluate the separate contributions of theta and beta to the 
theta/beta-FRN correlation at the sites at which theta/beta ratio was maximal. As an anonymous reviewer noticed, 
baseline beta power did not show the same fronto-central distribution, but rather a central and an occipital peak. 
However, repeating the ANCOVA analysis using beta power at central (Cz, C1, C2, FCz, CPz) or occipital 
electrode clusters (Oz, O1, O2, POz, PO3, PO4) also did not yield significant effects of beta power (all p 
values > .1).   
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SnPM regression analyses were conducted in sLORETA to examine whether specific sources 
of baseline theta and beta power were related to individual differences in FRN amplitude and 
BIS. This analysis showed that the current density for baseline theta was correlated with FRN 
amplitude in a cluster of voxels in the cingulate gyrus bilaterally (see Figure 3; right: five 
voxels peaking at MNI coordinates: x =10, y = 10, z =35; left: four voxels peaking at: x= -10, 
y = 15, z = 30) and in two voxels in the left post-central gyrus (MNI coordinates: x = -35, y = 
-30, z = 40; x = -35, y = -25, z = 40; respectively), for the high BIS group only. For the low 
BIS group, theta current density in none of the voxels was significantly correlated with FRN 
amplitude. A similar correlational analysis for baseline beta activity yielded no significant 
correlations between beta sources and FRN amplitude, neither for high nor for low BIS 
groups. 
--------------------------------- 
Insert Figure 4 about here 
--------------------------------- 
3.2.2. Behavioral data 
The overall average proportion of high choices was 0.56 (sd = .14). Participants more often 
chose high gambles after losing a high amount (p = .62) than after winning a high amount (p 
= .53; t(51) = 3.05, p < .005). To examine the relationship between BIS and baseline EEG on 
the one hand and behavioral adjustment patterns on the other hand, proportions of high 
choices were entered into an analysis of covariance, with previous outcome (win, loss) as a 
within-subjects factor, BIS (high, low) as a between-subjects factor, and theta/beta ratio as 
covariate. Furthermore a BIS x theta/beta ratio interaction term was entered. This analysis 
yielded a marginally significant three-way interaction between Previous outcome, BIS, and 
Theta/beta ratio (F(1,48) = 3.47, p = .069), and no further main or interaction effects. To 
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examine this interaction further, follow-up ANCOVA’s were carried out for BIS groups 
separately. Similar to the FRN analysis discussed above, in the low BIS group no significant 
effects of theta/beta ratio on behavior were noted (all F’s < 1). In contrast, in the high BIS 
group a significant main effect of previous outcome was found (F(1,25) = 7.44, p < .05), as 
well as a significant interaction between previous outcome and theta/beta (F(1,25) = 5.95, p 
< .05). Correlation analysis in this group showed that theta/beta ratio predicted the proportion 
of high choices after high win trials (r = -.41, p < .05, see Figure 4), but not after high losses 
(r = -.09, n.s.). In the low BIS group no correlations were found between behavior and 
theta/beta ratio (all p’s >.4). 
 Finally, the ANCOVAs for choice behavior with theta or beta power separately as 
covariates, did not reveal any significant main or interaction effects (all F’s < 1). Also, no 
relation between the overall proportion of high choices and BIS and baseline EEG was found 
(all F’s < 1.5). 
--------------------------------- 
Insert Figure 4 about here 
--------------------------------- 
4. Discussion 
In this study we found that baseline EEG theta power and baseline theta/beta ratio correlated 
with feedback related ERP activity and risk taking during a gambling task. This correlation 
was modulated by self-reported punishment sensitivity (BIS). High baseline theta power (and 
theta/beta ratio) was associated with reduced amplitude of the feedback-related negativity 
(FRN), and increased risk taking following high gains, in individuals with relatively high 
punishment sensitivity scores. For individuals with low punishment sensitivity no such 
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correlations were present. In contrast to theta power, there were no correlations between 
baseline beta power and FRN amplitude. 
The behavioral inhibition system is theorized to reflect the sensitivity to punishments 
or non-rewards (Gray, 1982). In the most recent version of Gray’s theory, BIS is thought to be 
specifically active in conflict situations (Gray and McNaughton, 2000). One instance of 
conflict is a situation in which positive and negative reinforcement are equally probable and 
there is no certainty as to whether an action will lead to reward or punishment (as was the 
case in the present study; Leue and Beauducel, 2008). The present findings suggest that 
sufficient sensitivity to punishments is necessary to reveal the relationship between feedback-
related electrophysiological reactivity (FRN) and baseline EEG theta activity. 
High baseline theta/beta ratio was not only related to FRN, but also to risk-taking 
during the gambling task. Behavioral choice scores mirrored the FRN findings, in that no 
correlations between baseline EEG and choice tendencies was found in the low BIS group, 
whereas in the high BIS group there was in fact a positive correlation between theta/beta ratio 
and risk-taking. This relation was most pronounced for choices directly following high win 
trials. This might reflect that baseline theta/beta ratio reflects the propensity to perseverate 
after successful, rewarded actions. It is remarkable that behavioral risk-taking correlated with 
baseline theta/beta ratio, but not with theta or beta separately. In contrast, the correlation 
between theta/beta ratio and FRN amplitude could be explained by an underlying direct 
correlation between theta power and FRN amplitude. The finding that FRN amplitude 
correlated particularly with theta power, but risk-taking was only correlated with theta/beta 
ratio may indicate more factors are involved in directing behavioral choice. Whereas the FRN 
and theta power are physiologically closely related to each other, the FRN activity might 
represent just one step involved in the decision making process. The FRN may be a fast 
motivational or affective reaction to the detection of the reward prediction error. The further 
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decision process might be dependent on control mechanisms related to beta activity (Schutter 
and van Honk, 2005). The present data do provide support for the idea that theta activity and 
FRN generation are related to each other. However, it is not possible to draw strong 
conclusions about physiological mechanisms and functional significance of baseline beta 
power.   
With respect to theta power the present study demonstrated that for high-BIS 
individuals the part of theta activity that correlated with FRN amplitude has its most likely 
generators in the ACC. This might indicate that synchronized oscillatory activity in the ACC 
at rest (as reflected in high amplitude theta power) restricts phasic firing of the ACC in 
reaction to feedback information. It should be noted that theta activity in the human baseline 
EEG has also been reported to have generators in more widespread cortical areas (Clemens et 
al., 2010; Scheeringa et al., 2008). The current source localization however shows that 
specifically the contribution from the ACC to scalp-recorded theta is correlated with the 
feedback-related negativity. A possible mediating mechanism for the relationship between 
baseline theta activity and FRN is the midbrain DA system. The dominant theory of the FRN 
states that the FRN results from dopaminergic error signals from the VTA to the ACC (Frank 
et al., 2006; Holroyd and Coles, 2002), although other neurotransmitters have been implicated 
in FRN generation as well (Jocham and Ullsperger, 2009). Furthermore, it has been argued 
that theta activity in the septo-hippocampal system can be modulated by inhibitory 
dopaminergic input from the midbrain DA system (di Michele et al., 2005; Gasbarri et al., 
1997). It is possible that inter-individual variance in baseline theta power and FRN amplitude 
both reflect underlying individual differences in midbrain DA functioning. This idea however 
remains to be tested. It might be specifically interesting with respect to ADHD. Increased 
theta/beta ratio in ADHD patients has been reported to differentiate responders to 
dopaminergic medication from non-responders (Clarke et al., 2002 b,c). Furthermore, 
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treatment with DA medication normalizes excess theta in these patients (Clarke et al., 2002 a; 
Clarke et al., 2003). In the current study only healthy participants were included and therefore 
the results do not speak directly to issues of pathology. 
In the present study we have focused on the relationship between error-feedback 
processing and EEG theta activity in baseline. Recently however, a considerably amount of 
research has investigated the link between dynamic, task-related theta activity and feedback 
and error processing. Event-related increases in theta power and theta phase synchrony after a 
response error (Luu et al., 2004; Trujillo and Allen, 2007) or after feedback (Cavanagh et al., 
2010; Kamarajan et al., 2008; Marco-Pallares et al., 2008) have been repeatedly reported. 
Moreover, it has been proposed that FRN and ERN to a large extent reflect average phase-
locked theta responses (Cohen et al., 2007; Luu et al., 2004; Trujillo and Allen, 2007). It 
should be noted that the negative relationship between FRN amplitude and baseline theta 
power (as presently found) cannot simply be an artifact of phase-locking of baseline theta 
activity after feedback. Phase-locking of high power baseline theta would result in high 
amplitude feedback-related ERPs. Instead, high theta power was associated with low 
amplitude FRNs. This implicates that an additional mechanism, besides phase locking, plays a 
role in FRN generation. Similar findings have been reported for the relation between baseline 
theta power and short-latency visual evoked potentials (Klimesch et al., 2004). 
In conclusion, the present study provides support for the idea that a relation exists 
between baseline EEG activity and reward and loss processing.  The hypothesized inverse 
correlation between baseline EEG (theta power and theta/beta ratio) and feedback related ERP 
activity was found. However, this correlation was modulated by self-reported punishment 
sensitivity (BIS). Among individuals scoring high on the BIS scale an inverse correlation 
between FRN amplitude and baseline theta activity (localized in the ACC) was found. No 
such correlation was found for individuals who had low scores on the BIS scale. Furthermore, 
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in line with earlier findings (Schutter and van Honk, 2005), high theta/beta ratio was 
associated with a behavioral measure of risk-taking (choosing higher-stake gambles after 
receiving reward feedback). Again, this relation was only present among participants that 
scored relatively high on BIS. 
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Figures 
 
Figure 1. a) Feedback-locked waveforms at FCz. Time 0 indicates feedback onset, b) scalp 
distribution of FRN difference wave (200-300ms), c) scalp distributions for baseline 
EEG theta/beta ratio, theta power and beta power.  
 29 
 
Figure 2. Correlations between FRN amplitude at FCz and baseline EEG theta/beta ratio and 
theta and beta power for high and low BIS participants separately. 
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Figure 3. sLORETA source localization of the FRN loss-win difference wave at 255ms post-
feedback. 
 
Figure 4. Clusters in the theta band that correlated with FRN amplitude for high BIS group 
(upper panel), and low BIS group (lower panel)  
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Figure 5. Correlations between theta/beta ratio and the proportion of high gambles directly 
following a high win trial for high and low BIS participants separately. 
 
